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Abstract

l'his paper describes the architecture o1"Newton° a general-
puxpose _ystem for _tmulatmg the dynanucs of complex
physical objects. The system automatically formuJates
and analyzes equations o( motion, and performs Automatic
mocLLficationof this system of equations when ,,ecessitated
by chanl_esm k£nematic relationships between objects. Lm-
pact and temporary contact bee hancUed,though currently
.sing simple models. [rser-dJzected influence of sumula-
tions LsacE•eyed nsmg .Ve_uton'scontrol module, which can
be used to experurnentwith the control of many-degree-of-

freedom articulated objects.

1 Introduction
FigureL: DifferentHandConfisurations

T_s paper describes the architectuze ,_fNewton, a general-
purpose model-_iven sLmulation system. UniLke tr-di-
tional sh'n_ation systems, which concentrate mainly on m- ent COrL_|turationsbefore comaS.tag to a specific design.
teEratin4_an u_changmgset o( equations, and most current F;gu:e I showsdesillns modeled _ter the $•lisbery hand.
(:.S.Dsystems, which concentrate on geometry spot.cation The desillner might Erst choose• tluree-fi_gemedmodel but
but have tittle m the way oi analysis tools, Net•Son was be um,_,_,,tO fad control _|orithxns that _:hieve design
desicned to provide a level olr automatic support that= on. objec.,.r , With min_nal eft'set the designer coudd test

co.sEe the kind of experimentation necess_y for success- control a/goritluns on a four.fingered model to determine
fal design. By usmg a model-b_sed abject representation whether such a model would better meet spec_cations.

and fully mtegratmg geometric modeLinll teclmaques, it wu Ease of redesign facilitates discovery o/"an optinl al match
possible to incorporate =to Newton a 3enera| mechan_m between control _gorithnu_ and mechanical design.
to deal with events (called e_ep_=on_ cuent_) thor cause Extensive merhu_ic_ engineering research hu led to

,li_continuities m object behavior. Thus, Newton can auto- many developments in physical system sunuJation. The
,u_tically and mcrementally modify its internal description " ADAMS (2] =uadDADS (6] systems are examples oE la_&e
of mechanism behavior as relationships between objects scaLe-of-the-at slstems _¢m the mechanical engineering

change due to events such u inlpa_:ts, contact breakages, or domain. [_ many ways such systems are very soph_sti-
cha_,gesm control algorthzn states. Such a facility greatly cared: ett_cient [ormuJstions o[ mechan_m dynemucs are
increases the power =nd flezib_ty of a simulation system, supported, fancy numerical techniques for solving equation

One of the goalso( the N'e=ton project is to make the systems ace ruled,object fle_biJ_.ty and elasticity are o/ten
design cycle more et_cient by integrating design, prototype h=ncUed,etc. However, born a computer science per•pet-
implementation, and testing in a single system. Attempts tire, some thL_gs ace lacking. Richer object represents-

to ;,,tegrate a control algorithm and a particular mechsed- tions _re needed. TypicidJy, systems have sLmost ignored
cal system can ezpose flaws m either the control _dgoritlun geomet=,c coMiderations and represented objects simply
or in the design of the mecha_cai system. The ,Vewto_ u point muNs with _ocinted _ettiu and coord_'_ate
system aUows i.mme.i_ateredesign _nd testing of both of systems. Geometric mode_| techniques have matu_ted

tJlebe components. For ezample, ;. designer could construct enough to _ow object represcntotions used by dynamic
_n_ '*electronic prototype" o[ an anthropomorphic multi- simuJations to include a complete geometric description
tiagered robot |ripper and experiment with several d_i'er- usable by a geometry processing module. Fuurthermore,

| Appxov.d Iox pu,J_Lierelec==_ ' '_- ; _ ";-='
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_'" ;_q_' rates tryLng a&aLnwith a smaller tune tncremcnt. Next.

the _',tegr,_tion subsystem is Ltwoked m order tu produce
/ o[d positions, velocities and accelerations. The caU to
; new positions and velocities for all objects ['rt)nl thr_

_'qV

_ . \_ h_zldlo-,xcepl:ional-,vonts then pLssescontrol to the
_ ,_ _ event-handJJ.n_subsystem, whJchis responsible for detrc_-

_'-I..__ m& ,nd hand_ql_ colllsions, contact breakages, cont=ol .l-__ Koritkmstatecharades,and othereventsthatyieldd.i_co,,-
" ..... _ I ! ...... tmuites m object velocities or _,ccelerations. These e_ents

"'" ........ can mvaLidate the newly proposed state and necessitate
restoration of the previous state, mtellration usmg a dJ.ffer.
ent time increment, resolution of collisions or other events.

_ and so on. The event handler is described m more detad

m Section 4 and _n[3].

3 Dynamic Analysis

*-_ I .7, =T. .., fro,rally,[_ewton-Euderequationsofmotionate_ssociated
_i_-._ ::I_ :"___ with each prLmJtive (i.e. individual ,'i&id body).' At the

:"['_'" "'--_'""." i I "_.ll ::!' "" "'-_" '" time am object is created the equatiot,s are of the form
,_,_........... - ........ m_ = 0

-. -':i :" !" \ s_+_,_s_.=o.

--:........-------_., :'..b._'_. _ !. A specification that two objects are to be con-
................. netted with s spherical ki_lle is met by the ad_tiun

of one ",ectorial constraint equation and the ,q;ldhion
Figure 3: Redundant Arm Simulation of some terms to the motion equations of the con-

stramed objects. Thus, _:ceierstion equations become

_l':z. s_o1_-smu.tssLoooO mt;t = l_,,,s,
II It 90- ¢_Fgal "IS nl ql_

,,_egrale-_ron-curren_-sleue JI_I+ wl x J1wt - ct x l*,s,,s,
h t_d._.* - oZ_: ep$ _.OOt 1 - iv e_Y, S t_2; 2 -_ -- _rk0gufe

Figure 4: .Vewton's top-level loop
where c, is the vector _rom object i's center of mass t,)

the location of the Ed_a_eanA _.._. is the cons,rome force

lation scene u execution takes place, and cRspley of values that keeps the objecta to&ether. Other kinds of hian&es
of an._ quantities that the user wishes to monitor. Type- conunouly used in LVs_ton include revolute or pm james,
caUv, users choose to display the evolution of values of a prismatic james, sprmliS mad d_mpers, _nd roRLn$contacts.

_umtber of variables usms a set of |raphs. _a Fi_e 3, _f &rarity is to be accounted for durra& the sirnudation
rout f_ames f_om a swnuJation of a redundant robot a_m the system wiilautomatic-lly add &ravitational force terms

_re shown. The &raphs exhibit values of the position _Jrtd (re,g) to the objects' truuslational motion equations. The
_cceieration of the _m's end effector, end joint L,_¢ies _nd system keeps track of the conserves responsible for the
_cceterations for the dLstal thzee joints of the _m. The various terms in the motion equations. Thus, constraints.
report packa&e is _Lso responsible for the recorc_nl; of m- and their corresponds| motion equation terms, can be
formation that allows later red, play of the simulation u removed at any tune without necessitatm& complete red-
a real-time "movie." erivation of the system of motion equations.

USinl; this method of dynamics formulation, closed-loop
k_ematic chains a_e hand/ed ,,, simply as open chains. _]

2.3 Analysis module Though the formulation does lead to latlie sets of equa- r't

.Vewton's analysis module is responsible for overaU coord/- ,ions, the matrices |enerited for soiv_nll for accelerations
nation of a stmuda_,ion. After de_n| a sim,,Istion scenario and constraint forces _re very sp_se and usually syrnmet-
usml; the de_uution module, the mare sunulation loop ex- tic. Thu_, r,:asonable efficiency ;- _J_eved by the use of
ecutes accords| to the code LnFi|uure 4. sparse mstrcz tech.,_ques.

At the be|flu_| of each iteration, the cuzrent state of t Ncwte_ is capable of ,,-inS dynmmicsform,,Istions other -------
all objects is saved m cue an unacceptable attempt at than the one outlined here. A_o, soma prelinl_nary work us- ]eS
steppinli forward in time by some ._l OCCULTSand necessi- inl non-rqlid bodies has been done.

.... . _llcil or
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4.2 Contact
;;; The It&re hu been saved for time t.

;;; ,New politiOn$ Ifld ve|ocitiCs hive beeft proposed for ttme I _- _t _r_to_on was designed to handle continuous contacts be-
tween objects. By continuous contacts we mean cont._t._

1. Compute the earnest impact time {,_n_t,* _".._.el• ":" in w_ch two objects remain in contact for a _te amount

2. [=,'_ratefrom timet to p_oducestatefortime h. (not _tes/mal, as for uupacts) of t/me. Such contact

3, Deterrr_ne and analyze all contacts, relationships _ as Ln a block sliding or a ball tolI_ng on

4. WHILE there are still impacts in the contact set DO a table topple modeled in our system by exten._ions to

4.1 Form, late equations for resolving the impacts, hinges called temporar,y hinges. Temporary binges _ener-

4.2 Solve the equations to obtain new velocities, any represent one-sided, or unilateral, constraints.

During the geometr/c analysis of contacts, norms/-

dl/ection velocities of contact points a_ce monitored. _'heu

Figure S: [mpact Resolution Scheme contact velocities are zero _, there _ continuous contact &nd

the system creates a temporary h_ge to model thl, rein-

tionship. During the course o( simulation, the system coo-

_) _ tinually monitors contact velocities, removing temporaryhinges when the contact con.qtzaints axe no longer met.

before impact Determination of object accelerations is _ade compli-
cated when temporary hinges exist. Constraint equations

"_ _ f°r temp°rarY hinges are formudated in the same manner
as for other hinges, emd constraint force term.q are a4gain

added to the motion equations of the hmged objects. For

•(ter impact: ct_e t instance, for point-on-plane contact without fiction the
instantaneous acceleration constraint is

__ (_ (,t-_a)-n,,,,, + ,(_t-_).(-, x n..,..,)=O.

alter impact: cause 2 However, uminS such equafity constraints when solving for

object accelerations necessitates checkmg the results for

consistency. Since the equation solvLT_g procedure calc_

Figure 6: DitTerent Colfision [nterpretations lares v-lues for hinge reaction forces in addition to cal-

culating object accelerations, the system is able to check

that the values of the reaction forces for any temporary

of a set of/mpacts then often produces post-ixnpact veloc- hinges age consistent with that hinge's intended inequafity

isles for which some new subset of the contacts represent constraint. For the point-surface contact case the system

impacts. To handle the, we currently iterate the proce- needs to check that the normal-direction component of the

duze unti_ the set of contacts contains no impacts. Nexmton reaction force is not tensile, since a contact Ifiase should

treats this enti_e process of solving s sequence of _tanta- only sustain compreu_on.

neous impacts problems as occusrmg instantaneously. The For two polyhedJral objects in contact, the region o_mn-

impact handl.ing scheme is summarised in Filure 5. tact will be either a polygon, a line segment or a point. For

We use th_ impact model at present because it was rein- the case of a polygons/region, it is su/_cient to u_ osdy
tiyely simple to implement and produces expected behavior vertices of the polygon's convex h-ll in formulatm1[ the

Ln many cases. For mstance, in Figure 6, using our model temporary hinge constrel,xts. The system first usurers

to resolve the collision between spheres 2 and 3 yields the that polygonal support will be msint_ned and sem_:hes

aor:_a[ly expected behavior in which, after impact, spheres for a _support triugle" among the convex hull vertices.

2 and 3 age at rest and sphere I moves off to the left. Other , If no support triangle produces accelerations and reaction

impact models can be used in _'ewton. Feotherstone [41, forces consistent with the contact conditions, the system

for example, details a different scheme for resolvin_ ira- successively se_ches for supporting contacts having more

pacts in the presence of contacts. In it, impulses are trans- detrees of heedom, i.e. it attempts to find a supportmg

m_tted through the non-impact contacts. However, under line segment and, faifin I that, a single support point. If no

this model, the spheres of the ex_,mple behave in t less ex- set of contact points yield consistent solutions, the system

peered manner. ARer impact, sphere 3 moves back to the will remove the hinge. In the simulation of Figure T, the
right ann spheres 1 and 2 behave as if they were connected kinematic relntionship between the sm ,,11 und large blocks

by a true kirtle, moving off" to the left. St ill, the model chan|es twice. After sliding _crmm the top of the lazge
does p_oduce better results then oturs in other cases, such block and maint_nin| plane-plane contact, the kinematic

as • large mass block falling onto • smaller mug block that relationship chan|es t_ plane-edge contact _ the small

is testis| on s table top. It is clot: that neither model is blocks tips over the end of the block. Ultimately, it breaks

sophisticated enou|h to do realistic intpact model_lg. We contact nlto|ether.

see currently investigating more complex models that can IWithia rams epeUan, d course. In thin tmlmt we avoid the

better account for the eluticity properties of objects, crucial ;scqe of numerir._ di_culti_t
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impact, contact, and (fiction are typicaUy handled by cuz-
pr|mllive link(thickness, helsh| , rho)

rent systems m an o,_ _.ocor ru_mentary manner, _f at properties: (densltT: rho);

dl|. Ln some systems, [or instance, any possible _npacts geornetrT:euboad(thickne|8, hell[h| , thickness;where
.lUSt be _pec_ied m advance; in others, a kind of "force begm

topback: (0, heisht/_,-thickness/2);
h_ld" tech.rdque is used, in _ch between every pa_ o/" hotback: (O,-he_$ht/2, .thlctnesz;l);

tl|,jects ,.here is a repel_Linl[ force that is neKJiKible except bo_olq'mid: (0,-bet&fit//- .75*thteknesl ,0|

when objects are very close together, end

The development oi".Vewton w :, also influenced by the prsrmclve ball (radius. rho)

recent work by trophies and ani_mationresearchersin what properties:(dens,e7' rho):
seometrT: sphere (radius)

they term phvslcaiLV.boaedmode!rag (i,|0 !. The desire to,
create incressm_ly comp|ex and realistic notations has composite pendulum(th,cknesl, linkhelsht , rho)

ma.' : tr_cJ._tion_slkeyfzarrc_ tec_'uques lesssuccessfuland component.
I0: link( t hickness,zhicknesn,rho);

_ed to inLerest _ mode_g &rid s_uJating object dynarrucs. It,12,13: link(thJckneu, linkhe,fht, rho);

Wh_le techniques currently used are less so01dsticated bali: ball(.TS " thickness, rho);
j|d2_3j4: bAli.And.socket

thou cho_eused in mechamcAI enKineerinl[, the emphasis structure
placed on control of hiKh-deKree-ot'-&eedom mechanisms, jeln l0 to 11 wlth It ms|oh|oK (botbAck topback|.

such as ha.roan and an_at models, makes the research in- SoreIt to t_twi_hj2 rnAtchinll (botbAek _opbAcl[);
join 12 to 13 with j3 motehl_ s (bocback topb4¢_);

tel'eating, join 13 tO ball with J'l mAtch_n S (bocoKm_d center)

2 Newton Architecture Figure 2: Pendulum Definition

rYsinK .Vemton, a desisner c_mdeEne complex physical oh- 2.1 Definition module
jects and mechanisms and can represent object chazacter-
[st[ca _rom a wide range of domains. An object is made _'e_lon's deFaxhion Lsnsualie is used to describe a variety

up of a number of "models," each responsible for orsufizn- of simulation entities, includinl_ objects, h,sges, coflstralnt_,
tion of object characteristics _ro_,_a partic,,iar domain. Ln mode_, equotsan_ and quantities. Objects _re fuurther di-
most surnulation_ the basic domsbuJ o1"Keometry, dynamics, vi,_ledinto two subclasses: primitives, correspond[oK co sin-
•nd controlled behavior axe modeled. & dynamic model- &litindivisible bodies, aund compo_ste_, representin K toilet-

ink system, for example, is responsible for mainta_xi_ll an tic,us of objects related by constraints. The coustrained
oh[cot's position, velocity: sad acceleration, and for au- relotionships u_u_ly correspond to material hinges such

comaticaUy t'ormudatin& the object's dynamics equations as b-ll and _ocket or pin joints and axe modeled using data
u_ motion. A &eometric modet_nE qystem is responsible structures c-lied hinges. The components otcomposite oh-
for uu'orma,on about an object's shape, _LLstinSuLshedlea- jeccs cam be either composites or primitives. Thus, descrip-
cuzes on the object, and computation of &eometric intestal tio_ o( complex mechanisms is m_le simpler by breakin K
properties such a_ volume and moments of inertia. [t must the de_Jct_ption down rata nntu_nl p_rt-component relation-
also detect and analyze object interpenetratious so that sixilm. Filiure 2 shows the definition of a simple five-object
an interference modeLi_s system can deal with collisions pendulum.
hetween objects. One udv_ntaKe o(the _ier_tchical object representation

With this khxd o_ flexibility: mechanism des[so and anal- sch,;me is that it facilitates automatic, incremental refor-
ysis :s made sumpiet_ a number of simulations of a physical muSt[on of am object's motion eq, tntious. OuzmK sin.
system rruEht be carried out, wi,h different sets of modeled vln¢ion, Nevton:s unalym module makes requests for an

properties bein_ sccouunted for each time. New modeled u- obj,'ctis set of motion equations. The set is constructed
pects ought be _dded to i,,creue the over_dJ accuracy o( rec_ively, by requestmll the equntion sets for each of the

the simulation, or certam domums miKht be abstracted or obje_t's components and for each of its hinses. At ev-
ilia:need to aUow the experimenter to focus on the contri- cry level o( an objectis composition hier_chy, the set ot"
but[on of other doma_u to the observed behavior, eqmttions for that Level, once derived, i_ stored in the ap-

.Ve_ton hu three m_a components: the defiaxition and penile[ate dynamic model. Then, when events occur that
_ct_te a ch,_nlle m the equotious foe a component of an

representation module, the analysis module and the report
system. The defiaiti.on module is responsible Car_udysmK object, o_ly the equotious for thor component need be
hiKh-level lansua_e descriptions of .Veu_on entities, _nd for rederived. The other components' equation sets are stiJJ
urgani_in| i_ormation in the appropriate data structures, av-lXsble fzom theiz dynamic models.
The analysis component implements the top-level control

loop ofsimuJotions and coordinates the workin| oi"various 2o_ R.eport module
anolysis subsystems. The report system hs_mdies lleners-
tion ot"Krapixical _eedbackto users du_inK simulations as As slanted obove, the report system is responsible for Ken-
well u record_n s of relevant i_formotion for later teliener- etst_311 output that c_n be o( use to the experimenter in
atio. of animotions, anal)sin K simulotious. This ia_eludes display of the simu-
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4 Event handling afterdeter++ thetimeoranyimpacts,the
system is used to analyze the nature of aU mterohjet't ,,m-

Du_ing the course or"interesting stmulations, a variety of tacts for that time. For the moment, assualle that all su_

ever,:s can occur that requaxe special processt_g. Co'i- contacts are indeed impacts. To resolve ianpacts, .Ve'_tur,
sions need to be detected and r3solved , constraints model- formulates impulse-momentum equations for each object.
mg contacts between objects need to be added and deleted, and contact-puma velocity equation: for etch impact (u_m_

f.rictmn forces need to be monitored to determine when an coefficients of restitution based on object properties), a,d
object changes Lrom sticking to sliding on a surface, and then solves this equation system to compute instantaneous
_o on. [n general, exceptional events can cause disconti- changes for the object velocities.
,rabies in object velocities or accelerations and necessitate The equations are automatically derived in a fa_h.ion
correspond_ modification of the internal models of object analogous to the formulation of motion equations described
behavior. [t is crucial to the success of general-purpose earlier. _'or point-on-surface impacts, the process involves
_i,nulation systems that they be able to deal with such formulating equations of the ]'ollowing form:
_'veHt_.

3%_uam has a general-purpose event handler that is cur- mt A_t = f,,_***ne_,.***

rentiv responsibte for coordinating collision detection and JtAw_ = ¢, x (s/,,=_.,,n,_,.._)
resolution, contact maintainance, and hanclLmg of events

m_ As;_ = -- f,m_+c,ncm*_.c*
corresponding to changes m control program states. Since
it deals with discontinuous changes in system behavior, the J_Aua_ = ca x -(.f,,_ps**n._..,et)

eve.t handler is also responsible for things such as restart-
ing p;,rts of the integration subsystem. Ot - _ = -e(p_ - he),

Fur the purposes of the paper, we restrict the foUowing where c, is the vector from object i's center of ms_s to the
discus_aon to impacts and conta_:ts between poiyhe_al oh- location of the hinge,/h,*t, is the (scalar) impact impulse,
jeers, though the .Ve_uton system is not restricted in this n_..,o** is the surface normal at the point of impact, he,
way. We then describe the various contacts _ surface- is the di_erence between object t's center of mass velocity
_usface. edge-surface, point-surface, edge-edge, and :o on. before and after impact, ,o,a and p,_ _e the velocities of

Lmpacts are distinguished from other contacts as those con- the impact point on object i before and after impact, re-
races where the velocity of a contact puma on one object spectiveiy, And e is a coefficient of restitution that depends

relative to the corresponclmg point on the second object on the material properties of the co_ding objects.
i: disected into the second object's interior. For a contact When composite objects are involved, impulses due to
between a point, or, of an object O I and a corresponcti_g impacts see trnnsn_itted d_rough h£nges by formulating int-
p.mt, _, on the surface of another object 02, the condi- pact constraint equations for the hinges and adding appto-

tton ,s stated more precisely as (p, -_).n ...... , . 0, where priate impulse terms to equations for the kLnged objects.
w_th n_.,..._ is the normal to the contact surface (d_ected Thus, Lf object 2, from above, and a thia'd object are

toward O2's exterior ). When the normal-direction relative related by a spherical hi.nge, the hi.nge equation is
velocity is greater then nero, the contact is in the process
of break.rag. When the velocity is nero, the contact will _ + _ x c_ --- s;_ + _ x c_
remain and may result m creation ef a' temporary hinge.

and the object equations are

4.1 Impact m_.Xr_ = -f,=...,n.._,.., _-l_,-,.

When the event handier begins its impact analysis, the in- J_&"s _--" Cl X (ftv_ptetntmtttt,tt) + ¢_ X J¢_*_l,I

tegratton module has just proposed a set of positions and m_&f_ = -/_,tto
velocities for tune, t _- hi. _eu_to_ then uses its geomet- J_&ua_ --- C_ x -/_*'*t',
rtc modeling subsystem to determine whether _ny impacts
occurred in the tune interval. While there *re ms_y dirE- where /_,... is a global coordinate system vector repre-

cuhtes in properly computing the intersection between two sentmg the impulse transmitted thou- _ the hinge.
geometric representations, the problem of deter_g the Our current model of [mpnct is extremely sLmple and

prectse tame of any impacts makes matters st ill more com- clearly not satisfactory in _ome situations. When all of the
ptex. "_'o do tb.ings correctly the four.dimensional space- contacts see impacts, use of this collision resolution scheme
tune swept volumes of two objects must be mter_ected. Ln yields Lnst&ntaneous velocity changes that do not imply any
the current implementation, however, we count on time fu:ther tmpacts. That is, after the tmp_t resolution proce-
steps being sufficiently sms_ that we don't miss collisions dure there see no longer soy contacts that meet the con_-
between steps and, when it is determined that _m impact tions for being impacts, [n many situations, however, only
does occ_ between thanes t and t -t-AL the moment of ira- a subset of the set of contacts represent true i_npacts.

pact is foumd by binary search of the time interval. We dealing with such situations, our model does not produce

repeatedly halve the time increment, reintegrate, s_d an- impu_ises for the non-impact contacts. Thus, the impact
alyte contacts for t_ e new tLme, until any object interpen- resolution scheme treats these contacts ss _f there were an
creations are with_ - user-controllable toler_mce, b_mitesunal separation between the objects. Resolution
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could satisfy the constraLnts or"the control algorithm. [n

I'l _ 1 thiscaseac°ntr°lalg°rithmcanKuide theselecti°n °f_

motion by providing a quadratic cost function i_ terms of
the unknowns of the system; a solution is then chosen _l_at
_zes this cost function.

Newton has been used to experiment with control of

many-deKree-of-freedom objects. The developmen: of a

is presented elsewhere in these proceed.i.ngs[9I.

5 Summary

Figure 7: Changing Kinen" atic Relationships Much work has been done in the past in the area of sea-
el.arian of dynamics, much of it by mechanical engmeermg
researchers. This paper has described the architecture of

For a single paiz of objects in contact, detcrmJ.nation of /geeton, a dynamics simulator that is part of our ongo-
a consistent set oi" support points is simple, taking time hag project of applying computer science principles to the
(at worst) Linear m the number of contact vertices. How- development of more powerf_ and flexible simulation sys-
ever, for the case of multiple objects and contacts, a naive terns. Newton currently supports automatic formulation
algorithm postulates support sets for a contact indepen- and modification of object equations of motion, canines

dentiy of sets proposed for other contacts, resulting in an a genetal-purpuse event-handling mechanism, allows high
exponential search of the space of possible contact sets. level description of simulated objects and scenarios, and

This complexity can usually be avoided by using houris- supports experimentation with control of high-degree-of-
tics dr:ring the search. For example, since kinematic re- freedom mechanisms. While the system presently handles
lationships don't usually change very often, the algorhhm imps:t, contact and friction problems using simple mad-
first attempts to use, for each contact, the same supgort els, mote sophisticated models can be incorporated into
points as Car the previous timestep. Continuity considers- Nee:ton without the need rot major system revisions.
lions are also useful in most cases; the contact forces and

thole derivatives can be monitored to determine which (and

when) contacts break. Methods for dearies with contact Acknowledgements
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